The vertebrate neural crest is a pluripotent cell population that generates a large variety of cell types, including peripheral neurons, cartilage and pigment cells. Mechanisms that control the patterning of the neural crest toward specific cell fates remain only partially understood. Zebrafish homozygous for the sympathetic mutation 1 (sym1) have defects in a subset of neural crest derivatives, such as peripheral neurons, glia and cartilage, but retain normal numbers of melanocytes. The sym1 mutation is a nucleotide deletion that disrupts the forkhead DNA-binding domain of the foxd3 gene, which encodes a conserved winged-helix transcription factor. We show that sym1 mutants have normal numbers of premigratory neural crest cells, but these cells express reduced levels of snai1b and sox10, implicating foxd3 as an essential regulator of these transcription factors in the premigratory neural crest. The onset of neural crest migration is also delayed in sym1 mutants, and there is a reduction in the number of migratory trunk neural crest cells, particularly along the medial migration pathway. TUNEL analysis revealed aberrant apoptosis localized to the hindbrain neural crest at the 15-somite stage, indicating a critical role for foxd3 in the survival of a subpopulation of neural crest cells. These results show that foxd3 selectively specifies premigratory neural crest cells for a neuronal, glial or cartilage fate, by inducing the expression of lineage-associated transcription factors in these cells and regulating their subsequent migration.
Introduction
The vertebrate neural crest is a transient population of embryonic precursor cells that gives rise to a variety of cell types, including neurons and glia of the peripheral nervous system, chromatophores, and elements of the craniofacial skeleton (LeDouarin and Kalcheim, 1999; Moury and Jacobson, 1989) . As the neural crest develops in the dorsal neural tube, progenitor cells located at the neural plate border undergo an epithelial-mesenchymal transition leading to formation of the premigratory neural crest. These cells subsequently migrate along stereotyped pathways to specific locations throughout the embryo, where they differentiate and generate diverse tissues. While some of the regulatory mechanisms controlling the latter stages of neural crest differentiation have been identified (LeDouarin and Kalcheim, 1999) , the genetic pathways mediating the induction of neural crest and the early specification of different neural crest cell sublineages remain unclear. Evidence suggests that the fates of many neural crest cells can be determined very early in development (Henion and Weston, 1997; Luo et al., 2003a,b; Raible and Eisen, 1994; Reedy et al., 1998; Schilling and Kimmel, 1994; Wilson et al., 2004) , raising the possibility that genes involved in the induction and generation of neural crest may also be required for neural crest development in a lineage-restricted fashion.
During gastrulation, cells at the border between neural and non-neural ectoderm are induced to give rise to neural crest cells through the cumulative effects of Wnt, Bmp and Fgf signals originating from adjacent ectodermal and mesodermal tissues (Huang and Saint-Jeannet, 2004; Knecht and Bronner-Fraser, 2002) . Neural plate border and/or neural crest cells co-express numerous transcription factors, including foxd3, snail/slug, sox10 and tfap2a, that have critical roles in neural crest development (Gammill and Bronner-Fraser, 2003) , but how these genes direct the subsequent specification of neural crest sublineages remains unclear.
Foxd3 has been proposed to play an important role in the early stages of neural crest development because it is widely expressed by neural crest progenitors at the neural plate border in all vertebrate species studied to date (Dottori et al., 2001; Kos et al., 2001; Pohl and Knochel, 2001; Sasai et al., 2001) . foxd3 expression is maintained in the premigratory neural crest cells but is rapidly downregulated as neural crest cells differentiate and migrate. Functional studies in frogs and chicks, using forced expression of wild-type, dominantnegative or antisense forms of foxd3, have shown that Foxd3 regulates the expression of early neural crest genes in the developing neural tube, suggesting an instructive role during neural crest induction. However, these findings have been inconsistent, because both loss-of-function and gain-offunction experiments showed an increase in the early expression of neural crest genes, likely reflecting a foxd3 negative-autoregulatory mechanism (Dottori et al., 2001; Kos et al., 2001; Pohl and Knochel, 2001; Sasai et al., 2001) . More recent studies using in ovo electroporation to force foxd3 expression into the chick neural tube, suggest foxd3 may play a more important role during neural crest migration, by regulating the expression of cell-cell adhesion molecules (Cheung et al., 2005) . Together, these studies indicate the importance of Foxd3 during neural crest development, but the lack of an in vivo mutant model has made it difficult to determine at what stage this transcription factor is necessary for neural crest development, and whether it is required for the development and migration of all neural crest cells or only specific sublineages. Attempts to elucidate the function of Foxd3 through murine gene-knockout strategies have been hampered by embryonic lethality, which prevents full analysis of the developing neural crest (Hanna et al., 2002) .
Zebrafish foxd3 is expressed during gastrulation by cells of the neural plate border, in posterior and ventral tailbud mesoderm and transiently in the developing floor plate (Odenthal and Nusslein-Volhard, 1998) . Expression of this gene is then observed in premigratory neural crest cells of the head and trunk but is generally extinguished prior to the onset of migration, except for a subset of migrating cranial neural crest cells that transiently express foxd3. As foxd3 expression becomes downregulated in trunk neural crest cells, expression is initiated in the somites and also later in some developing peripheral glia (Gilmour et al., 2002; .
Using an ENU-induced mutagenesis screen to identify genes required for normal development of the zebrafish peripheral sympathetic nervous system, we recovered an embryonic lethal mutant, sympathetic mutation 1 (sym1) that lacks sympathetic neurons and displays craniofacial defects. We have determined that the molecular lesion at the sym1 locus results in a functional null allele of the zebrafish foxd3 gene. Unlike foxd3 mutant mice, homozygous sym1 mutant embryos survive throughout all stages of embryonic neural crest development, allowing foxd3 function to be critically accessed during the generation of the neural crest and its derivatives.
Materials and methods

Animal husbandry and cell counts
Zebrafish were maintained, mutagenized and bred as described (Westerfield, 1993) . sym1 mutants were initially identified by phenotype and th expression, with subsequent confirmation by genotyping. Cell counts for differentiated pigment cells were performed in live embryos in three separate regions, (the dorsal, lateral and ventral stripes), at 3, 4 and 5 days postfertilization (dpf). We counted migrating trunk neural crest cells after in situ hybridization (ISH) for sox10, ctn, dct and mitf in the 3-15 somite region at 24, 36 and 48 h post-fertilization (hpf). Premigratory cell counts were performed at the level of somites 3-5 (inclusive) in pairs of 12 somite-stage embryos. The average counts agreed with those of neural crest cells identified morphologically (Raible et al., 1992) and molecularly (Luo et al., 2001) in wild-type embryos.
Molecular biology and cloning
The F1 WIK female harboring the sym1 mutation was outcrossed to the AB strain for genetic mapping and to generate F2 and F3 generations. Genomic DNAs from 40 wild-type and mutant embryos were pooled and screened for linkage to a set of 239 CA markers; this analysis places the sym1 mutation on chromosome 6. Further genetic linkage analysis using additional markers on chromosome 6 placed marker z10183 less than 1 cM from the sym1 mutation. The foxd3 full-length clone used for RNA synthesis and in situ hybridization experiments is described elsewhere Odenthal and Nusslein-Volhard, 1998) . The sequence harboring the foxd3 exon was obtained from the Sanger genomic trace sequence repository and analyzed with SeqMan alignment software (DNASTAR, Inc.). Genotyping was performed by extracting genomic DNA from embryos after ISH as described (Westerfield, 1993) , and sequencing the foxd3 gene directly, or using a pair of allele-specific PCR primers that only amplify the wild-type or sym1 allele respectively. The primers for PCR genotyping are: Wild-type, forward 5′CCCAGTCGGAAGATATG3′, Reverse, 5′CGGACGAATTGTCCAGTG-3′. sym1 Forward, 5′GAAGAAGTTGACGC-TCAGTGGAATC-3′, Reverse, 5′-TTTCGACAACGGTAGCTTTCT GAG-3′.
Whole-mount in situ hybridization, immunostaining and microinjections
Full-length, capped-sense and antisense foxd3 RNAs were generated with Message Machine, and a Poly-A tail was added with a Poly(A) tailing kit (Ambion). Based on the published GenBank sequence (NM_131290) for foxd3, a morpholino (MO) was designed: CACCGCGCACTTTGCTGCTGGAGCA (Gene Tools, Inc.). Whole-mount in situ hybridization was carried out as described by (Thisse et al., 1993) . Antisense probes were generated as described for c-ret (Bisgrove et al., 1997) , dlx2 (Akimenko et al., 1994) , ctn (Luo et al., 2001) , foxd3/fkd6 , zash1a (Allende and Weinberg, 1994) , mitf and dct, (Lister et al., 1999) , xdh (Parichy et al., 2000b) , ednrb1 (Parichy et al., 2000a) , tfap2a (Knight et al., 2003) , snai1b (Thisse et al., 1995) , sox10 (Dutton et al., 2001) , myoD (Weinberg et al., 1996) , twhh (Ekker et al., 1995) , col2a1 (Yan et al., 1995) and sox9a (Chiang et al., 2001) . The phox2b probe, a generous gift of Dr. Su Guo, was generated by digestion with EcoR1 followed by transcription with T3 RNA polymerase. Cartilage staining with Alcian blue was performed as previously described (Kimmel et al., 1998) . Whole-mount antibody staining with anti-Hu mAb 16A11 (Molecular Probes) was performed on embryos fixed for 2 h at RT in 4% PFA, as described by . Frozen sections of embryos processed for in situ hybridization were generated as described by Luo et al., (2001) .
TUNEL assays
Apoptosis was detected in embryos by terminal transferase dUTP nick-end labeling (TUNEL), according to the manufacturer's protocols (In Situ Cell Death Detection Kit: POD and AP; Roche). After labeling, the embryos were washed with PBS (3×) and blocked in 4% goat serum for 30 min; antifluorescein antibody (1:5000) was added and incubated at 4°C overnight. The embryos were washed in PBS (3×) and stained with VECTORSTAIN® Elite ABC kits (Vector (r) labs) to detect AP or POD activity, according to the manufacturers protocol.
Results
Defects in peripheral neuron and glial derivatives in sym1 mutants
To identify genes regulating peripheral sympathetic nervous system development, we performed a forward genetic screen for mutations that disrupt the development of sympathetic neurons in embryos at 5 dpf. Developing zebrafish sympathetic ganglia were readily identified at 2 dpf, using whole-mount ISH to detect expression of tyrosine hydroxylase (th) mRNA, which is required for catecholamine biosynthesis in noradrenergic and dopaminergic neurons (Figs. 1A, B; An et al., 2002; Stewart et al., 2004) . The first mutant recovered from this screen was sym1 (sympathetic mutation 1), which showed a dramatic reduction or complete loss of th expression in developing sympathetic neurons (Figs. 1E, F) . The mutation specifically affected neural crest-derived noradrenergic neurons because th expression in dopaminergic neurons of the CNS was not affected (Fig. 1E ). Analysis of the superior sympathetic cervical ganglion in sym1 mutants between 2 and 3 dpf indicated that th was not expressed in this region ( Fig. 1F ), nor were Hu-positive neurons found in the cervical ganglion of mutant embryos (data not shown).
To determine whether sympathoadrenal progenitor cells are present in sym1 mutants, we examined the expression of zash1a, Fig. 1 . sym1 mutants have defects in trunk and vagal neural crest-derived peripheral neurons, cranial ganglion neurons and glia. Lateral views of wild-type (A, B) and sym1 mutant (E, F) embryos showing tyrosine hydroxylase (th) expression at 5 dpf (A, E) and 48 hpf (B, F). There is a dramatic reduction in the number of th-positive cells in the region of the developing sympathetic cervical complex (arrowheads) in sym1 mutants (0-2 cells at 2 dpf, 0-10 cells at 5 dpf, n = 10), compared to their wild-type siblings (10-15 cells at 2 dpf, 40-50 cells at 5 dpf, n = 10). High magnification ventral views of wild-type (C, D) and sym1 mutant (G, H) embryos, showing that the loss of sympathetic neurons in sym1 mutants is reflected by a severely reduced number of sympathoblasts based on zash1a expression at 40 hpf (C, G) and phox2b expression at 48 hpf (D, H) . Arrows in C, D, G, H indicate migrating sympathoblasts. Lateral views of wild-type (I-L) and sym1 mutant (M-P) embryos. Black arrows indicate position of developing DRG (I) and enteric neurons (J) in 3 dpf wild-type embryos, which are largely absent in sym1 mutants (M, N). The cranial ganglion neurons at 3 dpf are reduced in size in sym1 mutants by approximately 30% (K compared to O). White arrows indicate the trigeminal (tg) and posterior lateral line (pllg) ganglia complex. Black arrows indicate epibranchial ganglia (eb). (L, P) foxd3 is expressed in developing glia associated with the posterior lateral line ganglia (arrow) and axon tract (arrowhead) in wild-type embryos at 48 hpf (L), but is severely reduced or absent in sym1 mutant embryos (P). Abbreviations: absence of expressing cells (*), amacrine cells (am), axon tract (at), dopaminergic neurons (dp), hindbrain (hb), neural crest-derived enteric and sympathetic precursors (NC), sympathetic neurons (sym). the earliest marker of sympathetic neuron differentiation (Figs. 1C, G; (Stewart et al., 2004) . At 40 hpf, more than 20 zash1a + cells (sympathoblasts) were consistently detected in wild-type embryos, and they migrated ventrally to the dorsal aorta ( Fig.  1C ). zash1a expression was not evident adjacent to the dorsal aorta in sym1 mutant embryos, although one or two dorsally displaced zash1a + cells were occasionally observed (Fig. 1G ). The neurogenic marker phox2b is expressed downstream of zash1a during development of the sympathetic nervous system (Stewart et al., 2004) . In zebrafish, phox2b is normally expressed in neural crest-derived cells that are concentrated adjacent to the dorsal aorta and in the region of the anterior gut tube at the ventral midline, and subsequently differentiate into sympathetic or enteric precursors (Shepherd et al., 2004) . Consistent with the loss of zash1a expression in migrating sympathoblasts, phox2b-expressing sympathetic or enteric precursors were not observed in mutant embryos ( Fig. 1H ). These results show that the absence of th expression in the developing sympathetic ganglia is due to loss of sympathetic progenitors, rather than failure of these cells to differentiate into peripheral sympathetic nervous system neurons.
We next examined the development of dorsal root (DRG), enteric and cranial ganglion neurons in sym1 embryos. In wildtype embryos, trunk neural crest-derived DRG sensory neurons form bilateral ganglia lateral to the ventral neural tube in each somitic segment. The pan-neural marker Hu-C is expressed in both differentiated and some precursor DRG cells . Analysis of anti-Hu positive cells in sym1 mutants revealed that DRG neurons were completely absent in most sym1 mutants, although a few mutants had a small, variable number of DRG neurons that appeared both unilaterally and dorsally displaced ( Fig. 1M ). Loss of the DRG precursor population in sym1 mutants was confirmed by analysis of the DRG precursor marker ngn-1 (Ungos et al., 2003) , which showed a severe reduction in expression pattern in the region of developing DRG neurons (data not shown). Zebrafish enteric neurons, derived from vagal neural crest cells, initially differentiate in the anterior gut tube and subsequently populate the anterior-posterior extent of the gut. In sym1 mutant embryos, only a small minority of enteric neurons develop (Figs. 1J, N) . The lack of enteric neurons in sym1 mutants is predicted by the near absence of enteric neuron precursors defined by the expression of c-ret and phox2b ( Fig. 1H ; and data not shown; Bisgrove et al., 1997; Marcos-Gutierrez et al., 1997) .
In zebrafish, neurons and glia of the cranial ganglia arise from cells of both cranial neural crest and placodal origins, although the relative contribution of each cell type to cranial ganglia development is unknown (Schilling and Kimmel, 1994) . Using the pan-neuronal marker Hu-C, we found that the size of all cranial ganglia was reduced by approximately 30% in sym1 mutants and these smaller structures were often malformed (e.g., the epibranchial ganglia were fused together, Fig. 1O ). We also analyzed the development of neural crest-derived peripheral glia in the cranial ganglia of sym1 mutant embryos, using the foxd3 and sox10 markers, which are expressed by at least some peripheral glia during development (Gilmour et al., 2002; . At 48 hpf, the expression of these markers indicated a reduction of peripheral glia within the cranial ganglia as well as those associated with axons of the lateral line system (Figs. 1L, P; and data not shown).
The development of neural crest-derived chromatophores is delayed in sym1 mutants
Overall, the development of chromatophore sublineages was less affected in sym1 mutants. The number and morphology of differentiated (melanized) melanophores, for example, were the same in mutant embryos and their wild-type siblings from 3 dpf onwards (Figs. 2A-D, K). However, the differentiation of melanophores was delayed by 3-4 h in mutants compared with their wild-type siblings, and there was a defect in melanophore patterning, with sym1 mutants containing more dorsally localized cells at 5 dpf ( Fig. 2L ). Xanthophore development was also delayed in sym1 mutants, but by 5 dpf it resembled the pattern seen in wild-type siblings (data not shown). The development of silver iridiphores appeared to be significantly affected in sym1 mutants at 3 dpf, particularly along the trunk (Figs. 2B, D, right arrow), where the mutants contained an average of 7.5 cells compared with 17.5 cells in wild-type siblings (n = 10, P b 0.001). In contrast, the numbers of iridiphores in the eyes of sym1 mutants and their wild-type siblings were similar at this stage (Figs. 2B, D, left arrow). By 5 dpf, sym1 and wild-type embryos had comparable numbers of all chromatophore cell types, although in some individual embryos there was still a decrease (10-20%) in the iridiphore trunk population.
The delayed development of the different chromatophore sublineages was reflected by a delay in the expression of markers that label their respective precursors. For example, the onset of expression of the microphthalmia-associated transcription factor (mitf) gene by melanophore precursors was delayed in sym1 mutants by 1-2 h, and revealed defects in trunk neural crest migration (Figs. 2E-H). At 24 hpf, the anterior/ posterior extent of mitf expression in premigratory neural crest cells in the trunk of sym1 mutants was almost the same as in their wild-type siblings (Figs. 2E-H arrowheads). However, the ventral migration of mitf-positive cells was delayed in sym1 mutants, because migrating cells were detected at the level of somite-6 in sym1 mutants, instead of somite-15, where migration had begun in wild-type siblings (Figs. 2E-H, arrows). Similar results were obtained with other chromatophore sublineage markers, including dct (dopachrome tautomerase, melanophore precursors), ednrb1 (endothelin receptor b1, iridiphore precursors) and xdh (xanthine dehydrogenase, xanthophore precursors). Normally, these genes are expressed by 19-20 hpf in their respective precursor populations, but in sym1 mutants they were not expressed until 24 hpf and revealed cell migration defects similar to those noted from analysis of mitf expression (data not shown). However, consistent with recovery of the differentiated pigment cell types, the numbers of precursors expressing these genes in sym1 mutants reached wild-type levels by 36 hpf, as illustrated in Figs. 2I, J for dctexpressing cells. Together, these results indicate that in sym1 Melanophores (black) are evident in both wild-type (A) and sym1 (C) mutant embryos, although sym1 mutants have more dorsally-displaced melanocytes on the trunk (arrow) and yolk (arrowhead; see also panel L). Incident light reveals silver iridiphores are reduced in some sym1 mutants (D). Lateral views of developing melanoblasts expressing mitf in wild-type (E, F) and sym1 mutant (G, H) embryos. F and H are higher magnification views of the trunk region in E and G. Arrowheads in E-H indicate the posterior extent of mitf staining along the trunk in wild-type and sym1 mutants, while the arrows in E-H show the posterior extent of dorsal-ventral neural crest migration, both of which are delayed in sym1 mutants (compare E, F with G, H). Expression of dct at 36 hpf in wild-type (I) and sym1 mutant (J) embryos. The expression pattern and numbers of dct-positive cells are indistinguishable between wild-type and sym1 mutants. Quantitation of melanophore numbers (K) and distribution (L) in wild-type (red) and sym1 mutants (blue). Abbreviations: mitf (microphthalmia-associated transcription factor), dct (dopachrome tautomerase). mutants the developmental timing of chromatophore specification and migration is disrupted, but not the subsequent differentiation and proliferation of the progenitor cells.
Craniofacial cartilage defects in sym1 mutants
One of the strongest phenotypes of sym1 mutant embryos and larvae is the abnormal size and shape of the jaws (Figs. 2C,  D) . The embryonic zebrafish head skeleton is derived from three initial streams of cranial neural crest cells (Schilling and Kimmel, 1994) that form the first (mandibular) and second (hyoid) arches, and ceratobranchials I-V. In sym1 mutants, Alcian blue staining revealed that Meckel's cartilage was displaced ventrally, the ethmoid plate did not form due to incomplete fusion of the trabeculae, and the hyosymplectic and ceratohyal cartilage structures were either reduced in size or missing altogether (Figs. 3A-D). Also, while the jaw structures were always abnormal in sym1 mutants, the severity of the cartilage defects depended on their position along the A/P axis. For example, the 1st arch derivatives were always present but, the 2nd arch derivatives were missing in 60% (n = 50) of the mutants, while the ceratobranchial arches were always completely absent (Figs. 3A, C).
The dlx2 gene is required for jaw development and is expressed by neural crest cells that contribute to the pharyngeal arches as well as by migratory arch-associated neural crest cells (Figs. 3E-H, also Akimenko et al., 1994; Schilling and Kimmel, 1997) . In sym1 mutant embryos, dlx2 expression was markedly reduced at 24 hpf in all recognizable archassociated regions, especially the third arch, where dlx2 staining was absent ( Fig. 3G) . A similar dlx2 expression pattern was observed at 32 hpf ( Fig. 3H ). Reduced dlx2 expression correlates with the severity of cartilage defects, as neural crest cells in the posterior arch regions give rise to more posterior cartilage elements, such as the ceratobranchials (Schilling and Kimmel, 1994) , which are absent in sym1 mutant embryos. Lastly, the expression of sox9a in the arches of sym1 mutant embryos at 24 hpf and 48 hpf was also reduced (Su ppl. Fig. 1 ), consistent with the reduction of dlx2 expression.
The sym1 mutation inactivates the zebrafish foxd3 gene
Genetic linkage analysis of the sym1 phenotype to 239 microsatellite markers revealed that markers z5294 and z10183 were within 1-2 cM from the sym1 mutation on chromosome 6 ( Fig. 4A ). Because sym1 mutants had severe defects in neural crest-derived sympathetic neurons and cranial cartilages, we searched the available zebrafish meiotic, radiation hybrid, and heat-shock maps within this region, to identify ESTs and cloned genes expressed in developing neural crest. The most promising candidate gene was foxd3, a member of the forkhead family of transcription factors (Odenthal and Nusslein-Volhard, 1998 ) and a marker of premigratory neural crest cells Odenthal and Nusslein-Volhard, 1998) . foxd3 resides within 1 cM from the z10183 marker in the zebrafish radiationhybrid mapping panels ( Fig. 4A , http://zfin.org). The genomic sequence harboring the single foxd3 coding exon was determined, and primers flanking this region were used to amplify genomic DNA from the sym1 heterozygous F2 parents, as well as F3 homozygous mutant and wild-type embryos. Alignment of these DNA sequences identified a single guanine nucleotide deletion that induces a frame shift and a premature stop-codon within the DNA-binding domain of foxd3 (Fig. 4B) .
As a transcription factor of the winged-helix class, Foxd3 contains a helix-turn-helix core of three α-helices, flanked by two loops, or "wings", within the DNA-binding domain (Carlsson and Mahlapuu, 2002) . The third helix contacts the major groove, while the second (most C-terminal) winged region binds to the phosphate backbone in the minor groove, conferring DNA recognition specificity; this region also contains a highly conserved stretch of 16 amino acids representing the nuclear localization signal (NLS) (Hellqvist et al., 1998) . The sym1 mutation predicts a loss of the second winged domain, abolishing the ability of the residual N-terminal peptide to bind DNA, as well as a loss of the NLS and Cterminal transcriptional effector domain (Fig. 4B , also Pani et Fig. 3 . Abnormal pharyngeal arch development in sym1 mutants. Wild-type (A, B) and sym1 mutant (C, D) embryos at 5 dpf, stained with Alcian blue to reveal craniofacial cartilages. Ventral (A, C) and lateral (B, D) views show that the 1st (mk) and 2nd (ch) arch derivatives are present but abnormal in sym1 mutants, whereas 3rd arch-derived cartilages (cb1-5) are missing altogether. dlx2 expression in migrating neural crest pharyngeal arch precursors, shown in dorsal views at 24 hpf in wild-type (E) and sym1 mutant (G) embryos, and in lateral views of 32 hpf wild-type (F) and sym1 mutant (H) embryos. sym1 mutants have reduced dlx2 expression in migrating neural crest cells that generate the 1st and 2nd arch derivatives (labeled 1 and 2), and more severely reduced dlx2 expression in neural crest cells that generate the pharyngeal cartilages (labeled 3 and 4; G, H). Abbreviations: Meckel's cartilage (mk), palatoquadrate (pq), ceratohyal arch (ch), ethmoid plate (ep), and ceratobranchial (cb) arches 1-5. al., 1992) . The recessive nature of the sym1 mutant phenotype, together with the loss of critical functional domains, predicts that sym1 is a functional null allele of zebrafish foxd3.
To confirm that the foxd3 gene was responsible for the sym1 phenotype, we transcribed full-length, wild-type foxd3 RNA in vitro and injected it into one cell-stage embryos from sym1 heterozygous parents. These embryos, together with control RNA-injected embryos, were analyzed for the rescue of sympathetic neurons based on th expression ( Figs. 4C-E) . foxd3 mRNA rescued the th expression pattern in the sympathetic cervical complex, defined as N10 th-positive sympathetic neurons at 4 dpf, in 83% of the injected sym1 mutant embryos (n = 24). The number of th-positive neurons in sym1 control-injected embryos was identical to that of uninjected sym1 embryos (Figs. 4C-E). To show that the specific loss of foxd3 function leads to the sym1 phenotype, we injected one-cell stage embryos with morpholino phosphorodiamidate oligonucleotides targeting the translation start site of foxd3. Injection of 20 ng/embryo was sufficient to specifically phenocopy the peripheral sympathetic nervous system and cartilage defects of sym1 mutants (data not shown). Notably, melanophore development appeared normal in injected embryos, even at very high concentrations (35-50 ng/embryo). Together, these experiments demonstrate that disruption of the foxd3 gene is responsible for the selective neural crest phenotypes observed in sym1 mutant embryos.
Normal somite and floor plate development in sym1 mutants
During zebrafish embryonic development, foxd3 is expressed by floor plate cells and later in the developing somites (Odenthal and Nusslein-Volhard, 1998) . In sym1 mutant embryos, somite development appeared normal at all stages examined (1-5 dpf) in terms of the timing and number of somite pairs that developed, as well as somite size and shape ( Figs. 2A, B; data not shown). The somitic expression of myoD was also indistinguishable between sym1 mutants and wild-type siblings (Su ppl. Figs. 2A, D) , as was the p attern of floor plate expression of twhh and col2a ( Supp l. Figs. 2B, C, E, F). Based on these findings, we conclude that foxd3 is not normally required for somite or floor plate development in zebrafish.
foxd3 function is required for the selective specification of early neural crest cell subpopulations
To understand the contribution of foxd3 function to neural crest development, we studied sym1 mutants for the expression of tfap2a, snai1b and sox10 transcription factors, which are Fig. 4. sym1 is an inactivating mutation in foxd3. (A) Linkage of the foxd3 gene to the CA repeat markers on zebrafish chromosome 6. The positions of markers z10183, z6624 and z5294, are highlighted in orange (source http://zfin.org), while foxd3 is highlighted in blue. The z10183 marker was mapped to within 1 cM of the foxd3 gene. (B) Schematic diagrams of the wild-type and mutant Foxd3 proteins. In sym1, a guanine (537) deletion results in a frame shift leading to a premature stop codon and disruption of the encoded DNA-binding domain. An acidic domain is highlighted in orange at the N-terminus, and the C-terminus transcriptional effector domain is shown in green. Chromatogram traces below the schematic illustrate the nucleotide change (asterisk) affecting the foxd3-coding region. (C-E) Injection of foxd3 RNA rescues the sympathetic th-expression pattern in sym1 mutant embryos. Dorso-lateral views at 4 dpf of wild-type (C) and sym1 mutant embryos (D, E) labeled with the th riboprobe. Wild-type siblings contain 10-40 th-expressing cells in the cervical complex at this stage (C), whereas the sym1 mutant embryos injected with control RNA have 0-2 th-expressing cells (D). Injection of full-length foxd3 RNA into sym1 mutant embryos results in rescue (E), defined as N10 th-expressing sympathetic neurons in the region of the cervical complex. Arrows indicate position of the cervical complex. coexpressed in neural crest cells with foxd3 in wild-type embryos and play important roles in early neural crest development (Barrallo-Gimeno et al., 2004; Dutton et al., 2001; Gammill and Bronner-Fraser, 2003; Knight et al., 2003; Thisse et al., 1995) . crestin (ctn) was used as a pan-neural crest marker Luo et al., 2001; Rubinstein et al., 2000) . At the 3-to 5-somite stages, neural crest progenitors were present in the neural plate border in the anterior portion of embryos ( Figs. 5A-E) . The number of neural crest progenitors expressing foxd3 and tfap2a were the same in both sym1 and wild-type embryos (compare Figs. 5A, B with 5F, G), whereas expression of the snai1b and sox10 transcription factors at the neural plate border was strongly reduced in sym1 mutants (Figs. 5H, I) , as was the expression of crestin (Fig. 5J ). These differences in gene expression levels persisted through the 10-somite stage, with decreased expression of sox10, snai1b and crestin becoming more pronounced and more apparent in both cranial and nascent trunk neural crest ( Suppl. Fig. 3 ). The crani al neural crest expression of foxd3 in wild-type embryos normally begins to decrease at the 10-somite stage; however, sym1 mutants contin ued to show robust cranial expres sion of foxd3 (Su ppl. Fig. 3) . Therefor e, to deter mine if the loss of sox10 , snai1b and crestin expression corresponds to the loss of premigratory neural crest cells, we counted the number of foxd3-positive cells in wild-type and sym1 mutants at the 12-somite stage. Wild-type embryos contained an average of 44.5 such cells in this region, while sym1 mutants had an average of 45.3 (n = 8, p N 0.73). Furthermore, the midline convergence of the neural plate borders and formation of the premigratory neural crest population was not developmentally delayed in sym1 mutant embr yos ( Suppl. Fig. 4 ). The se results sugges t that early induction of the neural crest cell population at the neural plate border occurs normally, based on the expression of tfap2a and foxd3, but that fewer of these cells express normal levels of sox10, snai1b and ctn in sym1 mutants compared to wild-type embryos.
The lineage-specific defects and abnormal gene expression patterns observed in sym1 mutants suggests that foxd3 is differentially required for the specification and/or survival of a subset of the neural crest sublineages. Zebrafish harboring mutations in tfap2a and sox10 also show selective defects in a subset of neural crest derivatives, suggesting that they also play critical roles during neural crest specification and development (see Discussion). Thus, we analyzed tfap2a, sox10 and snai1b expression during neural crest specification, between the 10-to 12-somite stages (Fig. 6 ) and followed the expression throughout late r stage s ( Supp. Fig. 5 ). In wild-type embryos at the 10-to 12-somite stage, the transcription factors tfap2a, sox10 and snai1b are normally expressed in both premigratory and migratory neural crest cells (Fig. 6 ). The expression of tfap2a (Figs. 6D-F) and sox10 (Figs. 6J-L) was reduced in both the cranial and trunk neural crest of sym1 mutant embryos, with more severe defects seen in trunk neural crest expression. In contrast, the expression of snai1b was severely reduced throughout the neural crest in sym1 mutant embryos, at all stages exami ned (Figs. 6M -R; Suppl. Fig. 5 ). The refore, while snai1b expression appears be the most sensitive to the loss of foxd3 function, normal expression of sox10 and tfap2a is also dependent on foxd3 activity, particularly during the period when neural crest specification is occurring, at the 10-to 12-somite stage.
The analysis of snai1b, sox10 and tfap2a expression in sym1 mutants revealed neural crest-specific defects in gene expression patterns, consistent with recent studies showing that foxd3 functions in a cell-intrinsic manner during neural crest development (Cheung et al., 2005) . For example, sox10 expression was not affected in the developing otic placode in sym1 mutants, even though this placode forms adjacent to the developing neural crest domain (compare Figs. 6H with K). Double ISH analysis confirmed that the reduced expression patterns were only associated with foxd3-expressing cells (data not shown). Furthermore, examination of Rohon-Beard sensory neuron development showed that other cell types generated at the neural plate border are not affected in sym1 mutants ( Su ppl. Fig. 4 ). Likew ise, expres sion of sox2 and msxb at the neural plate border did not differ between sym1 mutant and wild-type embryos ( Suppl. Fig. 4 ). The se resul ts suggest that the developmental requirement for foxd3 function is specific to the developing neural crest. Thus, induction of the neural plate and the generation of neural crest progenitors as well as the premigratory neural crest population appears to occur normally in sym1 mutants, but the normal transcription factor program within these cells is severely disrupted.
Neural crest migration defects in sym1 mutants
The active migration of cranial neural crest in wild-type zebrafish embryos occurs in three distinct streams, emerging from rhombomeres (r) r2, r4 and r6 and migrating to the mandibular (1), hyoid (2), and posterior (3) arches, respectively (Schilling and Kimmel, 1994) , which can be easily visualized with the pan-neural crest marker ctn (Figs. 7A, B) . At the 12somite stage, sym1 mutants showed a reduction in ctn-positive cells contributing to the 1st stream, and almost no ctn-positive cells in the 2nd stream (Figs. 7E, F, asterisk) . In contrast, the number of ctn-positive cells at the position of the developing 3rd cranial neural crest stream was only slightly reduced in sym1 mutants at the 12-somite stage relative to their wild-type siblings (Figs. 7E, F) . Analysis of foxd3 expression in sym1 mutants at the 12-somite stage revealed that normal numbers of premigratory cranial neural crest cells were present, but failed to express ctn or properly migrate away from the dorsal neural tube (compare Figs. 7E with G) . This analysis also revealed that sym1 mutants continued to express foxd3 at very high levels in the cranial neural crest, at a time when expression of this gene is nearly extinguished in wild-type siblings (compare Figs. 7C, D with G, H) .
Double ISH analysis of foxd3 and ctn expression in sym1 mutants detected ctn expression once neural crest migration was initiated, at the 14-somite stage for the 1st stream and the 17somite stage for the 2nd stream, corresponding to downregulation of foxd3 expression ( Figs. 7I, J; data not shown). The most anterior cranial neural crest cells in sym1 mutants, which contribute to formation of the olfactory placode (Whitlock, 2005) , continued to express foxd3 until the 26-somite stage but failed to express ctn (Figs. 7L, M. black arrowhead) . At this stage, ctn-expressing neural crest cells were migrating to deep ventral regions in the head in wild-type embryos (Figs. 7I, J, black arrow), while in sym1 mutants the migration pattern of the ctn-positive cells was disrupted: although some cells did move laterally over the head, they failed to migrate deeper into more ventral head structures (Figs. 7L, M, black arrow) .
Analysis of the trunk neural crest cells in sym1 mutants revealed similar defects in the initiation and pattern of neural crest migration. For example, in the trunk at the 26-somite stage, there was a significant delay (3-4 h) in the onset of migration, with only a small number of ctn-expressing cells migrating within the most anterior somites, similar to the migration delay observed for mitf-expressing cells (compare Figs. 2 and 7) . Study of the sox10 gene, which is also expressed in migrating trunk neural crest cells (Dutton et al., 2001) , showed a similar delay in neural crest migration in sym1 mutants at the 26-somite stage, consistent with coexpression of these genes in migrating trunk neural crest cells (Figs. 7O, P; data not shown). A comparison of ctn-expressing trunk neural crest cells in transverse sections of sym1 mutant and wild-type embryos revealed that the vast majority of sym1 mutant neural crest cells remained localized between the dorsal surface of the neural keel and overlying ectoderm (Figs. 7K-N) .
In zebrafish, most trunk neural crest cells are lineagerestricted and migrate along two stereotypical pathways (Raible and Eisen, 1994) . Early migrating neural crest cells migrate medially between the neural tube and somite (Fig. 7K, arrow) , and generate a number of cell types, including neurons, glia and pigment cells. In contrast, neural crest cells migrate later along a lateral pathway and typically generate pigment cells (Fig. 7K,   Fig. 6 . Gene expression abnormalities in premigratory and early migrating neural crest cells in sym1 mutants. Lateral, cranial and trunk views of wild-type (A-C, G-I, M-O) and sym1 (D-F, J-L, P-R) embryos, showing expression of tfap2a (A-F), sox10 (G-L), and snai1b (M-R) at the 10-to 12-somite stage. tfap2a expression begins to decrease in sym1 mutants at this stage, particularly in the trunk (compare A, C with D, F). The expression of sox10 in sym1 mutants (J-L) and snai1b (P-R) is reduced in both cranial and trunk neural crest. The reduction in sox10 expression is specific to the neural crest because sox10 expression in the developing otic placode (arrowheads) is normal in wild-type and sym1 mutants (compare H with K). Arrows indicate the position of the trunk neural crest. (A-B, numbered arrows) . In sym1 embryos, ctn expression in cranial neural crest is severely reduced in the 1st neural crest stream (E, F) and almost absent in the 2nd stream (arrow with asterisk in E, F). ctnpositive cells of the 3rd stream are present in sym1 mutants, but only a few cells migrate ventrally (compare F with B). At the same stage, foxd3 expression is normally rapidly downregulated in wild-type embryos upon migration (C-D), but persists in sym1 mutants (G-H), showing that the cranial premigratory crest is present, but does not migrate. Wild-type (I-J) and sym1 mutant (L-M) embryos double labeled with ctn (black) and foxd3 (red) at the 26-somite stage, showing dorsal (I, L) and lateral (J, M) views. At this stage, ctn is expressed throughout the head in deep ventral positions of wild-type embryos (I, J, black arrow); however, in sym1 mutants, ctn-positive cells fail to migrate ventrally, and spread out more laterally (L, M, black arrow). The expression of ctn is also strongly reduced in the region of the hindbrain posterior to the otic vesicle in sym1 mutants (L-M, white arrows), while foxd3 expression remains high in the anterior-most neural crest cells (L, M, black arrowhead). Numerous, ctn-expressing trunk neural crest cells are seen migrating in wild-type embryos at the 26-somite stage (J; white arrowhead), but few ctnpositive cells are seen in sym1 embryos (M; white arrowhead). Transverse sections at the anterior trunk level of 24 hpf wild-type (K) and sym1 mutant (N) embryos, showing ctn expression in both dorsal-laterally (K, arrowhead) and medial (K, arrow) migrating neural crest cells in wild-type embryos. In sym1 mutants, migration of ctn-expressing cells are delayed, and found only in dorsal positions at this stage (N, arrowheads). Lateral views of sox10-expressing neural crest cells in wild-type (O) and sym1 (P) embryos at 24 hpf. In wild-type embryos, robust sox10 expression is evident in migrating neural crest cells; however, in sym1 mutants most of the sox10expressing cells are still on the dorsal neural tube (P, arrow). Quantitation of sox10-positive cells located along each migration pathway at 28 hpf (Q) and 36 hpf (R) in wild-type (blue) and sym1 mutants (red), shows that migration along the medial pathway is more severely affected in sym1 mutants. arrowhead). The analysis of both sox10 and ctn expression at the 26-somite stage in sym1 mutants showed a delay in the migration of cells along the medial pathway (Figs. 7K, N, O, P; data not shown). Therefore, we analyzed trunk neural crest migration along each pathway at later developmental stages to determine if the medially migrating neural crest cells continue to be affected in sym1 mutants. By counting the numbers of sox10-expressing trunk neural crest cells during development, we found a 60% reduction in the number of cells along the medial pathway in sym1 mutants at 28 hpf ( Figs. 7O, P, Q) . The number of cells migrating dorso-laterally was also reduced by 40% in sym1 mutants at this stage (Fig. 7Q ). However, by 48 hpf, the numbers of cells migrating along the lateral pathway had recovered to wild-type levels, whereas the number of medially migrating cells was still reduced by 29% in sym1 mutants (Fig. 7R ). Because cells migrating along the lateral pathway are chromatophore precursors, not neural precursors, we also counted the numbers of dct-expressing melanoblasts along both migration pathways at 36 hpf in sym1 mutants. The results showed a pattern similar to the migrating sox10expressing cells; the number of dct-positive cells migrating along the medial pathway was reduced by 20% in sym1 mutants and no reduction was found for cells migrating along the lateral pathway (data not shown). Thus, the migration defect seen in sym1 mutants appears to selectively affect the neural crest cells migrating along the medial pathway, which include the neuronal and glial precursors, and is consistent with the reduced numbers of migrating neuronal precursors that express phox2b and zash1a (Figs. 1G, H) .
Loss of foxd3 function in sym1 mutants causes localized neural crest cell death
In sym1 mutants, the ctn expression observed in the vagal neural crest at the 10-somite stage is severely reduced by 24 hpf (compare Figs. 7I with L, white arrow). The loss of these cells during development was investigated by TUNEL analysis to detect apoptotic cells. Between the 10-15 hpf stages, there were no significant differences in cell death between sym1 and wildtype embryos, consistent with the correct numbers of presumptive neural crest cells being formed in sym1 mutants at this time. However, beginning at 15 hpf the number of TUNEL-positive cells increased dramatically in the dorsal ectoderm of sym1 mutant embryos within the region of the hindbrain, corresponding to the position of the developing 3rd neural crest stream (Fig. 8) . Neural crest cell death in this region of sym1 embryos was complete by 18 hpf, after which the number of TUNEL-positive cells in sym1 returned to wild-type levels. To confirm that these dying cells were the ctn-positive neural crest cells lost in sym1 mutants at later stages, we performed double labeling with ctn and TUNEL (Figs. 8C, F) . The results show that at least some of these cells are neural crest cells, even though the expression of ctn is downregulated in sym1 mutant embryos at this stage (see above). The numbers of TUNEL-positive cells did not differ in regions other than those containing neural crest cells in the dorsal ectoderm. The appearance of the TUNEL-positive cells correlates with the decreased numbers of ctn-positive cells at this time, and may contribute to the defects in the tissue derivatives normally arising from the 3rd neural crest stream in sym1 mutants. Thus, foxd3 is required for the survival of a subpopulation of neural crest cells in the hindbrain that normally gives rise to neurons, glia and the pharyngeal arches, all of which are severely affected in sym1 mutants.
Discussion
In this study, we analyzed the first mutant isolated from our zebrafish peripheral sympathetic nervous system screen. The underlying mutation, designated sympathetic mutation 1 (sym1), is a single nucleotide deletion that introduces a premature stop codon within the DNA-binding domain of zebrafish Foxd3, thus predicting a loss of DNA-binding activity. The ability of forced expression of wild-type zebrafish foxd3 mRNA to rescue the sym1 phenotype and successful phenocopying of the mutant using foxd3-specific antisense morpholinos provides strong confirmation of the specific loss of foxd3 function. We show that functional foxd3 is required for downregulating its own expression and is selectively required for sublineage fate specification, migration and survival. Our results indicate that foxd3 functions by directing the expression of other essential transcription factors in nascent neural crest cell subpopulations and by promoting the survival of a subset of neural crest cells.
The role of foxd3 in early neural crest development
Previous studies in chickens and frogs have shown that forced misexpression of foxd3 can activate neural crest marker genes, suggesting that it is required for the induction of neural crest. For example, the forced expression of foxd3 in chick neural epithelium can induce neural crest markers such as Cad7, the HNK1 epitope, Integrinβ1 and Laminin, while its expression in frog animal cap assays induces expression of slug and AP-2 (Cheung et al., 2005; Dottori et al., 2001; Pohl and Knochel, 2001; Sasai et al., 2001) . While these studies indicate that foxd3 is sufficient to induce neural crest gene expression, they do not address whether it is required for neural crest induction in vivo.
Our analysis of sym1 mutants demonstrates that foxd3 is not required for the initial stages of neural crest induction in zebrafish, because neural crest progenitors develop normally at the neural plate border in these mutants. Moreover, the correct numbers of early premigratory neural crest cells are generated in sym1 mutants, and delaminate from the dorsal neural keel, indicating that the epithelial-mesenchymal transition does not require foxd3 function. Our sym1 mutant data are also consistent with recent findings by Cheung et al. (2005) showing that forced expression of foxd3 in the neural epithelium of chick embryos does not interfere with the EMT process, but rather affects the subsequent migratory properties of the delaminated neural crest cells. Thus, the in vivo induction and generation of premigratory neural crest cells occur in a foxd3-independent manner.
Sublineage-specific fate determination by foxd3
In sym1 mutants, there is a near complete loss of dorsal root ganglion, sympathetic and enteric neurons, and their precursor populations. The peripheral glia associated with the cranial ganglia and lateral line nerves are also severely reduced, and the normal re-expression of foxd3 during later developmental stages is not observed. Since normal numbers of early premigratory cranial and trunk neural crest cells are present in sym1 mutants, these data indicate that foxd3 is required for the subsequent development of neuronal and glial progenitor cells of the neural crest. In contrast, melanocyte development is delayed in sym1 mutants, while the number of differentiated cells at 5 dpf remains the same as wild-type. These results indicate that foxd3 functions selectively to specify neuronal and glial sublineages, but is not required for specifying the later development of melanocytes or chromatophore lineages. In addition, analysis of the developing craniofacial skeleton in sym1 mutants suggest that foxd3 activity is also selectively required in different subpopulations of the cranial neural crest that give rise to the different arch derivatives.
Studies with antisense morpholinos directed against foxd3 in cultured chick neural crest also show that different neural crest populations are sensitive to loss of foxd3 function (Kos et al., 2001) . For example, foxd3 can repress melanogenesis in chicks, consistent with the absence of foxd3 expression in dorsolaterally migrating melanoblasts. In contrast, our results indicate that foxd3 does not contribute either positively or negatively to melanogenesis in developing zebrafish, because we did not detect either a decrease or an increase in the number of differentiated melanocytes or a difference in the final number of cells expressing dct and mitf in developing melanoblasts in sym1 mutants. Also, in contrast to findings in chick, foxd3 is likely to be expressed in melanoblasts in mice (Hromas et al., 1999; Labosky and Kaestner, 1998) . This discrepancy may reflect differences in the pattern and duration of neural crest foxd3 expression in avian versus fish and mammalian embryos. Nonetheless, the results from chick and fish indicate that the loss of foxd3 activity does not affect all neural crest cells, but instead promotes the specification of a subset of neural crest cell lineages, which may differ slightly among different vertebrate species.
Genetic mechanisms underlying differential specification of the neural crest by foxd3
Our genetic analysis suggests that foxd3 may regulate specification of the neural crest through differential activation of other neural crest-specific transcription factors, such as snai1b and sox10. Indeed, our genetic data indicate that foxd3 lies upstream of these genes in premigratory neural crest cells. This hypothesis is supported by previous genetic studies in zebrafish showing that foxd3 expression in premigratory neural crest cells is relatively normal in tfap2a (lockjaw/mont blanc) and sox10 (colourless) mutants, (Barrallo-Gimeno et al., 2004; Knight et al., 2003) . Also, consistent with foxd3 affecting both sox10-and tfap2a-dependent genetic pathways, sym1 mutants appear to display a more severe neural crest phenotype than either sox10 or tfap2a mutants alone, with the exception of chromatophores (Barrallo-Gimeno et al., 2004; Elworthy et al., 2005; Knight et al., 2003) . Thus, a simple explanation for the absence of glia, as well as DRG, sympathetic and enteric neurons in sym1 mutants is that the loss of foxd3 expression reduces the number of both tfap2a-and sox10-expressing neural crest progenitors. Given that snail/slug family members can affect early neural crest development in other species, it remains possible that the reduction in snai1b expression in sym1 neural crest subpopulations may also contribute to the observed neuronal and glial defects in these mutants. However, since snai1b mutants remain to be isolated in zebrafish, it has not been possible to test whether this gene also differentially regulates neural crest specification.
The relatively normal development of melanocytes and other chromatophores in sym1 mutants may seem inconsistent with the reduced sizes of sox10-, tfap2a-and snai1b-expressing neural crest populations and with the chromatophore defects observed in colourless (cls) and lockjaw/mont blanc (low) mutants. In cls mutants, for example, melanophore and iridiphore sublineages are severely disrupted while xanthophore development persists (Dutton et al., 2001; while in low mutants the development of all three chromatophore sublineages is affected (Barrallo-Gimeno et al., 2004; Knight et al., 2003) . This apparent discrepancy becomes less striking when one considers that in sym1 mutants, neural crest subpopulations expressing sox10 and tfap2a (and snai1b) are retained, albeit in significantly smaller sizes, and a small number of sox10expressing neural crest precursors migrate normally. These observations suggest that the subpopulations of neural crest cells expressing sox10 and tfap2a in sym1 mutants may be chromatophore progenitors and in these specific sublineages the expression of such genes may occur independently of foxd3 function.
The differential requirements for foxd3 function between neuronal and chromatophore sublineages gain significance in light of abundant evidence from studies in birds and mice indicating that the segregation of neuronal and pigment precursors is one of the earliest events in neural crest cell diversification (Frank and Sanes, 1991; Greenwood et al., 1999; Henion and Weston, 1997; Luo et al., 2003a; Perez et al., 1999; Reedy et al., 1998; Vogel and Weston, 1988; Wilson et al., 2004) . In zebrafish, clonal analysis has demonstrated a clear distinction between neurogenic and melanogenic neural crest cells of the head (Schilling and Kimmel, 1994) , and a strong clonal bias toward distinct neuronal and chromatophore progenitors in the trunk has been reported (Raible and Eisen, 1994) . Our results suggest that foxd3 plays a crucial instructive role, either directly or indirectly, in the establishment of neuronal neural crest sublineages. Indeed, the loss of foxd3 function in sym1 mutants does not result in the expansion of chromatophore sublineages, nor do neuronal lineages expand in nacre/mitfa mutants in the absence of melanophore progenitors (Dorsky et al., 2000; Lister et al., 1999) . These observations suggest that the specification and segregation of these sublineages depend upon instructive signaling events and that neither represents a default developmental pathway.
foxd3 is differentially required for trunk neural crest cell migration
Our results also indicate that foxd3 is normally required for regulating the overall migratory capacity of most neural crest cells and the timing of trunk neural crest migration. These findings agree with recent studies in chick showing that foxd3 function is required for neural crest migration by regulating the expression of cell-cell adhesion molecules, such as N-cadherin (Cheung et al., 2005; Dottori et al., 2001; Nakagawa and Takeichi, 1998; Pietri et al., 2004) . In chicks, at least some of these foxd3 functions are mediated through sox10, consistent with the severe defects in trunk neural crest migration observed in cls/sox10 zebrafish mutants (Cheung et al., 2005; Dutton et al., 2001; . Thus, the reduced expression of sox10 may account for some of the neural crest migration defects observed in sym1 mutants. However, we also show that loss of foxd3 function has more pronounced effects on neural crest cells migrating along the medial pathway, whereas cls mutants have more severe defects in neural crest cells migrating along the lateral pathway (Dutton et al., 2001; . Thus, other genes may function downstream of foxd3 to mediate foxd3-dependent neural crest migration. Likely candidates are the snail family of transcription factors, which regulate the migration of a number of cell types, including neural crest cells, during development and disease (Aybar et al., 2003; Carl et al., 1999; Cheung et al., 2005; Gupta et al., 2005) . Indeed, analysis of the expression of early neural crest markers in sym1 mutants showed snai1b levels in neural crest cells is the most severely reduced. Thus, foxd3 and snai1b may function together in the premigratory neural crest to induce migration of cells along the medial path. Interestingly, the position and intensity of snai1b labeling in the premigratory crest cells of cls mutants was indistinguishable from wild-type embryos , further suggesting that activation of snai1b may be necessary to promote migration of trunk neural crest cells along the medial pathway.
While migration defects may contribute to the loss of neurons in sym1 mutants, unimpeded neuronal differentiation in other mutants in which most neural crest cells fail to disperse from the dorsal neural tube (e.g., spadetail and colgate; Ignatius, Nambiar and Henion, unpublished data) suggests that the differentiation of these cells may be independent of their ability to migrate. This notion is strengthened by the presence of well-differentiated melanocytes along the dorsal stripe in sym1 mutants, indicating that some melanoblast precursors (presumably the sub-population that travels along the medial pathway) are able to differentiate even though they fail to migrate. Thus, foxd3 function during neural crest specification may temporally precede or coincide with trunk neural crest migration.
Molecular specification, patterning and survival of the cranial neural crest by foxd3
In sym1 mutants, the anterior mandibular and hyoid elements of the craniofacial skeleton were less affected than the posterior branchial arches, which were nearly absent, suggesting a differential requirement for foxd3 function in patterning the cranial neural crest. Consistent with this hypothesis, precursors in the 3rd arch that generate the branchial arch elements exhibit the strongest defects in dlx2 and sox9a expression and migration (Aybar et al., 2003; Carl et al., 1999; LaBonne and Bronner-Fraser, 2000) . Analysis of cls mutants suggests that sox10 is not required for ectomesenchymal crest development in the head , so the reduced expression of sox10 in sym1 mutants is unlikely to cause these defects. In contrast, mutations in tfap2a cause severe reductions in cartilage elements generated from the 2nd and 3rd arch streams, similar to findings in sym1 mutants (Barrallo-Gimeno et al., 2004; Knight et al., 2003) . Thus, the reduction of tfap2a expression in the cranial neural crest of sym1 mutants supports the idea that foxd3 functions through tfap2a to specify and generate the craniofacial skeleton. However, the early expression of tfap2a in the cranial neural crest (before the 10-somite stage) is independent of foxd3 function, so it is also possible that tfap2a functions independently of foxd3 during craniofacial development. Furthermore, it was recently shown that sox9a and sox9b play essential and synergistic roles in the patterning and development of the craniofacial skeleton in zebrafish (Yan et al., 2005) . These results showed that sox9 genes regulate foxd3 but not tfap2a expression in pharyngeal arch cells. Thus, it appears that the correct patterning of the pharyngeal arches may depend upon regulated interactions among the tfap2a, sox9a/b and foxd3 pathways.
The striking loss of the branchial arches, neurons and glia in sym1 mutants may also result from the specific loss of hindbrain premigratory neural crest cells by cell death, consistent with the severe loss of crestin-positive cells in the hindbrain at 24 hpf. The regulation of cell death by foxd3 may be a conserved function, because disruption of this gene in mice revealed an essent ial role in embryo nic stem cell survival ( Hann a et al., 2002) . The downstream effectors of foxd3-mediated cell death are not known, but our studies suggest that members of the Snail family of transcriptional repressors are possible candidates. Indeed, recent studies have shown that Snail family members act as survival factors in progenitor cell populations and are overexpressed in a number of human cancers (Barrallo-Gimeno and Nieto, 2005; Gupta et al., 2005; Inoue et al., 2002; Wu et al., 2005) . Thus, the loss of snai1b expression in the neural crest progenitor cells in sym1 mutants may account for the inappropriate cell death observed in the premigratory neural crest at the 15-somite stage. Determining the genetic pathways downstream of foxd3 in neural crest development may therefore provide insights into how this transcription factor regulates cell death in other progenitor populations in both development and disease.
